Echinochloa crw-gaIi, a problem weed in rice fields, has the rare ability to germinate and to grow In a totally oxygen-free environment. After 7 days growth in the light or dark under N2, E. crus-gall var. oryzicola produces a 2-to 3-centimeter nonpigmented shoot.
external solution under N2, the seeds still contained 90 times more ethanol under anaerobic conditions than under air. No phosphoenolpyruvate carboxykinase activity was detected and pbosphoenolpyruvate carboxylase activity was 10 times less under N2 than air. MaHc enzyme activity increased 5-fold under anaerobic conditions, comparable to the change under aerobic conditions. Proposed adaptive mechanisms of flood-tolerant species to anaerobiosis are discussed.
Higher plants have an absolute requirement for 02 for growth and metabolism. Although many tissues can tolerate anaerobiosis for a limited time, growth is inhibited. In germinating seeds it has been suggested (1) that anoxia occurs after imbibition and before rupture of the seed coat, but prolongation ofthis natural anaerobic period by continued soaking results in death. The well known exception to this is rice (Oryza sativa) which has the rare ability to germinate and grow in an anaerobic environment. The rice coleoptile is the only plant organ reported which can grow in anoxia (22) . Recently, however, we (18) reported that two varieties of the Echinochloa crus-galli complex, common weeds of rice fields, can also germinate and grow for long periods of time in a completely 02-free environment. ' 'To whom reprint requests should be sent.
E. crus-galli var. oryzicola (hereafter oryzicola) seeds germinate as well and produce as large a seedling under N2 as rice, despite their much smaller seed size (18) . Like rice (19, 26) , under anaerobiosis, the primary leaves do not emerge from the coleoptile and no root growth occurs. In oryzicola (25) , however, the mesocotyl elongates and, if the seed coat is removed, the radicle emerges under anaerobic conditions. Neither occurs with rice. These adaptations of oryzicola to low 02 may account for its success in flooded rice fields where it can reduce yields by up to 40%o (16, 24) . Little is known about the adaptive mechanisms and regulation of anaerobic energy production in germinating seeds, and much of what is known about anaerobic metabolism has come from studies on the influence of flooding on plant roots (7, 15) .
In a widely accepted theory proposed by Crawford and colleagues (7-9, 21), flood tolerance in plants is thought to result from decreased ethanol production, while still allowing substrate level ATP formation to continue as an energy source. In roots, this adaptation is dependent on low ADH3 activity (4, 11, 20) and the ability to reroute glycolytic intermediates to alternate end products such as lactate, malate, or other organic acids. In addition, malate may be linked to other substrate level phosphorylations or oxidized with an alternate electron acceptor (12) . Crawford (21) has also proposed that flood-tolerant species lack malic enzyme which would convert malate to pyruvate and, in the absence of 02, to ethanol.
Contrary to Crawford's (21) Table I . Rice showed little difference in ADH activity and ethanol production under N2 compared to air. Peas and oryzicola ( Figs. 1 and 2 ), on the other hand, exhibited a marked increase in both ADH activity and ethanol production under N2 relative to air. In peas and oryzicola, the anaerobic levels of ADH were 2.8 times greater than aerobic values and there was a 5-fold increase in ethanol production under N2 versus air at day 7.
In a related experiment, we have found that when seeds of oryzicola, rice, and peas were imbibed in 0.3% and 3.0%o ethanol solutions for 7 days in air, all species germinated normally (greater than 80%o) at 0.3%, whereas only oryzicola germinated normally at 3.0%o. In anaerobic conditions, peas never germinated, as would be expected, while oryzicola germinated 80%o or better at both ethanol concentrations. Rice, on the other hand, germinated about 5O0o at 0.3% ethanol and 11% at 3.0o ethanol. At the higher ethanol concentration, the shoot growth of rice was greatly inhibited. These results suggest that different tolerance levels to ethanol exist in each of these species, beyond which germination and growth is inhibited even in anaerobiosis-tolerant species. There have also been reports that ethanol is metabolized when aerobic conditions are re-established (5, 6) . Initial results (unpublished data) indicate that oryzicola can metabolize ethanol to various products including sugars, organic acids, amino acids, and lipids.
Measurements of Possible Alternate End Products. Organic Acids. It has been reported (7, 10 ) that lactate and malate may be formed as alternate end products to ethanol under anaerobic conditions. In our studies, until day 3 (when the oryzicola seeds germinated) there was no significant difference in the levels of malate or lactate (Fig. 3) under either aerobic or anaerobic conditions. After germination, however, there was a large increase in both acids under anaerobic conditions. In the presence of 02, malate and lactate remain relatively unchanged throughout the germination, with a small increase in lactate at day 7. As shown in the inset, 90%o of the total malate was found in the seedlings after 7 days; whereas only 29% of the total lactate was contained in the seedlings.
Relative to the quantities of ethanol produced, the amounts of malate and lactate were not appreciable and they did not accumulate until well after ethanol production was significant. Their role in prolonging the period before ethanol accumulates, as suggested by Davies et al (10) and Crawford (7), is not substantiated here. Aldosoro and Nicolas (1) reported that chick pea seeds (Cicer arietinum) are in an intermediate position between intolerant and tolerant to anoxia. They found that, similar to oryzicola, ethanol, malate, and lactate all increase under anaerobic conditions, but that the maximum concentrations were reached at the Crawford's (21) theory for flooding tolerance, the formation and accumulation of malate would require the activity of PEP carboxylase or PEP carboxykinase and malate dehydrogenase. In addition, malic enzyme, which would decarboxylate malate if present, must be absent or repressed. In oryzicola, the activity of malic enzyme under N2 (Table  II) increased 5-fold in 7 days, comparable to the increase we measured in air/dark-grown seedlings. Malate dehydrogenase increased 2-fold under N2 and 4-fold under air. After 7 days, the malate dehydrogenase activity of seedlings grown without 02 was 23% that of air/dark-grown plants.
The pattern of changes we found in malic enzyme and malate dehydrogenase are in agreement with the change in malate concentration (Fig. 3) under both aerobic and anaerobic conditions. The utilization of malate via the citric acid cycle is suggested by the aerobic rate of malate dehydrogenase and the constant malate concentration over 7 days. Under N2, the increase in malate dehydrogenase activity is less. This may be important in the relatively small accumulation of malate.
The ability of oryzicola to carboxylate PEP to malate under aerobic and anaerobic conditions was determined by measuring the activity of PEP carboxylase and PEP carboxykinase. Over 7 days, PEP carboxylase activity increased 2-fold under N2 conditions and contained 13% of the PEP carboxylase activity of seeds grown under air in the dark (Fig. 4) . Under air/light, seedlings showed a 25-fold increase in PEP carboxylase activity after 7 under all conditions. These results are inconsistent with the proposal (21) that flood-tolerant species synthesize malate (via PEP carboyxlase and malate dehydrogenase) and lack malic enzyme, and therefore the ability to convert malate back to pyruvate and hence ethanol. Lactate dehydrogenase activity was also not detectable in aerated or unaerated seeds. When a known amount of pure lactate dehydrogenase was added to the extraction medium, all of the activity was recovered.
Our results suggest that one general theory for flooding tolerance cannot explain the adaptive mechanisms of all species. In particular, oryzicola, which is a highly adapted, tolerant, rice-field weed, had ADH, ethanol, and malic enzyme levels similar to those attributed to flood-intolerant plants, but synthesized malate and lactate in amounts comparable to flood-tolerant plants. In addition, the anaerobic germination of oryzicola is characterized by an ability to vent most of the ethanol produced to the external environment, high tolerance for ethanol, lack of a Pasteur effect under anaerobic conditions, and operation of the oxidative pentose phosphate pathway during the early stages of germination (18) . The extent to which these and other adaptations are important to flood tolerance in oryzicola is being further investigated.
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